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Abstract 
 Magnetic field orientation dependence of transverse and longitudinal flux line lattice form factors are theoretically studied in 
uniaxial superconductors with extremely large anisotropy ratio 60 for some field magnitudes. The form factors are estimated by 
two methods, the Eilenberger theory and the London theory comparatively. We also compare them to the form factors observed 
by the small angle neutron scattering experiment on Sr2RuO4. We discuss the cutoff function of extended London theory, and the 
contributions from the suppression of the pair potential as a function of the field orientation.  
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1. Introduction 
   In uniaxial superconductors where the coherence length is anisotropic between the c-axis direction and the 
basal ab-plane, transverse fields appear among the internal magnetic field in the flux line lattice (FLL) states in 
type-II superconductors, when the magnetic field orientation is tilted from the c-axis or the ab-plane. The transverse 
FLL form factors are observed by the small angle neutron scattering (SANS) experiments on Sr2RuO4 [1]. The form 
factors are roughly estimated by the London theory [2]. For quantitatively reliable estimate, we have to perform 
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heavy calculations by the Eilenberger theory in the vortex lattice states. In our previous study [3] in the case of 
anisotropy ratio    corresponding to YBa2Cu3O7-d (YBCO), we showed that the cutoff function in extended 
London theory can be estimated from the results by the Eilenberger theory in the field orientation dependence of the 
FLL form factors. There, we also discussed dependence on the anisotropy ratio, and differences between the s-wave 
and the d-wave pairings. The effects of the pairing symmetry on the form factors come from the temperature 
dependence of the superfluid density. In this paper, we study the case of extremely large anisotropy ratio γ=60 
corresponding to Sr2RuO4 in order to understand behaviors of the transverse fields. The FLL form factors by the 
Eilenberger theory [4] and the SANS experiment [1] are compared to those of the extended London theory. 
2. Flux line lattice form factors in the London theory 
In the crystal coordinate (a,b,c), magnetic field is tilted by  from the c-axis. For the vortex structure, we use 
coordinate (x,y,z), where the z-axis is along the flux line direction. We consider a quasi-two-dimensional Fermi 
surface with rippled cylinder shape. The Fermi velocity is given by v=(va,vb,vc)     on the 
Fermi surface at p=    . The parameter =60 gives anisotropy ratio of the coherence length. We 
set unit vectors of the FLL as     /2,   and     /2,    with    ,  
  , averaged flux density  , the flux quantum , and          of the effective mass 
model. Thus, wave vectors in the reciprocal space are given by      with integers h and k. Here 
     and       . The FLL form factors          
   are obtained by Fourier transformation of the internal field distribution  in the FLL state. We use 
Eilenberger unit [3,4] for length, magnetic field and energy in this paper.  
In the London theory, FLL form factors for 𝐪   are given by  
𝐵𝑥 ℎ𝑘                                      (1) 
with              and     .  Effective masses are given 
by    ,         ,         , and         , 
where     
  for i=a,b,c with     , Matsubara frequency ,     and pair 
potential  in the uniform state.      , and  indicates the Fermi surface average of the quantity A. For 
=60,      and    at low temperature T=0.1Tc. Tc is the transition temperature. 
We use Ginzburg-Landau parameter    appropriate to Sr2RuO4. 
Magnetic field orientation  dependence of the FLL form factors at   , 1.5 and 3.0 are presented in Fig. 1. 
The FLL form factors in the London theory have weak -dependence. The overall behaviors are similar to those 
reported in previous work for YBCO with   ,   ,    and T=0.5Tc. The transverse component 
           gives the intensity of spin-flip SANS at the spot (h,k).    in Fig. 1(a) is 
more than 10 times larger than    in Fig. 1(b). The maximum position of    is shifted to larger 
   , compared to the case of   . The z-component    gives the intensity of conventional non-spin-
flip SANS. As shown in Fig. 1(c),    has large intensity for    at   , and becomes very small for 
   at   , reflecting large anisotropy =60. Another    also shows similar behavior to   .  
3. Flux line lattice form factors in the Eilenberger theory, and the fitting by the extended London theory 
In the Eilenberger theory, spatial structure of the pair potential  and the internal magnetic field distribution 
    are calculated from the Eilenberger equation [3,4] 
                                                             (2) 
with      , coupled with the gap equation         and the current equation 
                   ,    (3) 
where,    ,    , and     are quasi-classical Green’s functions with Matsubara frequency . 
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Fig. 1.  (a) FLL form factors (a)   , (b)   , (c)    as a function of magnetic field orientation  in the London theory.  =0.8, 
1.5, and 3.0 in the Eilenberger unit. Data points for three  are almost on the same line in (b) and (c).  
 
Fig. 2. (a) FLL form factors (a)   , (b)   , (c)    as a function of  for   .  =0.8, 1.5, and 3.0. We also show SANS 
data [1] in (a). Points are for the Eilenberger theory or SANS data. Lines are for the extended London theory.   
 
 
Fig. 3. (a) Points indicate cutoff function      
  

 as a function of   for =0.8, 1.5, 3.0 and SANS data [1]. Lines are 
for the fitting by Eq. (5). (b) -dependence of  . (c) -dependence of spatially averaged amplitude of the pair potential.  
   . The pairing interaction and cut-off energy  have a relation       . 
We use the paramagnetic parameter    Using the same Fermi surface and parameters to those in Sec. 2, we 
calculate the FLL form factors from  obtained by the Eilenberger theory. Since the vortex core structure is 
exactly calculated in this method, we can obtain quantitatively reliable results for the FLL form factors.  
The FLL form factors in the Eilenberger theory are presented by points in Fig. 2. There, we present the case of 
low field =0.8 in addition to the cases of higher fields =1.5 and 3.0 [4].  The contribution of the paramagnetic 
pair breaking is negligible at =0.8 and 1.5, but the paramagnetic suppression of the pair potential appears at =3.0. 
In Fig. 2, we see eminent -dependence contrary to weak -dependence in the London theory. With increasing , 
the FLL form factors are suppressed. The maximum angle of the dominant transverse component    in Fig. 
2(a) is located at higher , compared to results of the London theory in Fig. 1(a). The minor transverse component 
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   in Fig. 2(b) and longitudinal component    in Fig. 2(c) are decreasing functions in large range 
presented in Fig. 2 for   . However, they has maximum at  and  for =1.5 and 3.0, respectively, since 
suppression occurs at lower . In Fig. 2(a), we also show experimental data on Sr2RuO4 at    (=0.5 [T], 
=1.5[T]). They are suppressed at lower  , compared to the corresponding theoretical results for  =3.0 
(  ).  
To discuss the discrepancy between the London theory in Fig. 1 and the Eilenberger theory in Fig. 2, we 
introduce the extended London theory [3]. There, quantitatively reliable form factors  

and   

 
(points in Fig. 2) obtained in the Eilenberger theory are considered as   
 
     
  
     

,                                                         (4) 
where  

and   

 are form factors in Fig. 1 by the London theory.    and    are cut-off 
functions reflecting contributions by the vortex core at the center of a flux line. In Fig. 3(a), we present    
 
  

 as function of      .  The -dependence of   is presented in Fig. 3(b). As 
for experimental data in Fig. 3(a), we use SANS data as  

, and  

 is at =3.0. Results (points) of the 
Eilenberger theory and the SANS data in Fig. 3(a) is fitted by lines of a function 
                .                                                                                             (5) 
The fitting parameters determined in the range    are, respectively,  (c1, c2) =(-0.0569, 0.830), (-0.0224, 
0.785), (0.0776, 0.836) for =0.8, 1.5, 3.0. These are almost Gaussian functions, since c1 is very small. These results 
for low T=0.1Tc and large =60 are contrasted with those for higher T=0.5Tc and smaller  6, where the term with 
c1 is not negligible [1]. For the SANS data, we use a Gaussian function with c2=1.308 assuming c1=0. 
In Fig. 2, we also show lines of the form factors estimated by the extended London theory in Eqs. (4) and (5) with 
fitting parameters shown in Fig. 3(a), assuming            . At  =0.8, lines and points are 
in nice accordance in the -dependence. However, at higher  and the SANS data, we see that points of the form 
factors are smaller than the lines at smaller  range. These correspond to behaviors in Fig. 3(a), where data points 
deviate toward lower from lines of the fitting functions at   . The deviations come from the -dependence of 
the pair potential in the Eilenberger theory, as shown in Fig. 3(c). The pair potential is suppressed at smaller , 
because the upper critical field  is rapidly suppressed in the case of large . On the other hand, the pair potential 
is treated as a constant in the London theory. We note that the deviation between the Eilenberger theory and the 
SANS data comes from additional factors of the material, such as multi-band superconductivity [5].  
From these results, we found that extremely large anisotropy ratio =60 leads to large differences between 
behaviors obtained by the London theory in Fig. 1 and by the Eilenberger theory in Fig. 2. These are because (i) the 
cutoff function in Eq. (5) gives large -dependence since variable range of   in Fig. 3(b) is larger, and (ii) -
dependence of the pair potential in Fig. 3(c) gives significant contributions.  
4. Summary 
We have studied the magnetic field orientation  dependence of transverse and longitudinal FLL form factors at 
some field magnitude . While the -dependence is weak in the London theory, the quantitative estimate of the 
form factors becomes smaller at higher  in the Eilenberger theory. This -dependence can be included in the cutoff 
function of the extended London theory. However, there are still deviations from the extended London theory, 
because pair potential has -dependene by the suppression at smaller . These results give helpful information for 
analysis of the FLL form factors observed by the SANS experiments in uniaxial superconductors including Sr2RuO4.  
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